1. Ploidy level in plants may influence ecological functioning, demography and response to climate change. However, measuring ploidy level typically requires intensive cell or molecular methods. 2. We map ploidy level variation in quaking aspen, a dominant North American tree species that can be diploid or triploid and that grows in spatially extensive clones.
| INTRODUC TI ON
Species do not respond uniformly to environmental change (Jump & Penuelas, 2005) . Genetic variation within populations drives phenotypic variation, creating a mosaic of successful and unsuccessful genotypes under novel conditions (Alberto et al., 2013) . Identifying the genetic and phenotypic structure within a population is critical not only for fundamental understanding of evolution by natural selection, but also for conservation and management applications where forecasting or mitigating the effects of environmental change are desired.
For some species, a key component of genotypic variation is ploidy level variation (variation in cytotype or chromosome copy number) among individuals. Polyploidy leads to large effects on organismal phenotype, either directly through changes in genome size, for example by influencing stomatal cell size and thus water-use efficiency in plants (Beaulieu, Leitch, Patel, Pendharkar, & Knight, 2008; Greer, Still, Cullinan, Brooks, & Meinzer, 2017) , or indirectly through changes in gene expression (e.g. variation in longevity due to mutational buffering, or variation in growth rate due to increased copy numbers of key genes). As a consequence, individuals with different ploidy levels within a species tend to occupy different environmental and geographical spaces (Otto & Whitton, 2000; Parisod, Holderegger, & Brochmann, 2010) , suggesting that knowledge of ploidy levels is important for understanding species response to environmental change. While several hypotheses for the ultimate drivers of polyploidy in plants have been advanced (e.g. related to cold temperatures, reproductive systems, Levin, 1983; Martin & Husband, 2009; Ramsey & Schemske, 1998) , few have been tested due to limited available spatial data.
A key example of polyploidy and ploidy level variation occurs in quaking aspen (Populus tremuloides [Salicaceae]), the most widely distributed tree species in North America. Quaking aspen occurs over 47° of latitude from central Mexico to northern Alaska, and often forms monodominant stands. The species has high economic and cultural value (Jones & Markstrom, 1973; McCool, 2001) , as well as ecological value through provision of habitat and resources to a wide range of organisms (Anderegg, Anderegg, Sherman, & Karp, 2012; Mitton & Grant, 1996) . Individual stems (ramets) grow in genetically identical clones (genets), often >1 ha in area.
Genets have either two (diploid) or three (triploid) copies of each chromosome (Kemperman & Barnes, 1976; Mock et al., 2012) .
Phenotypic variation within and across genets is very high, both
due to plastic expression of traits and genotypic variation (Barnes, 1969 (Barnes, , 1975 . Triploids often have different phenology, stem size and bark texture, and compared to diploids have been found to have larger leaves, faster growth rates, higher carbon uptake rate, higher stomatal conductance and higher water-use efficiency (Benson & Einspahr, 1967; Einspahr, Buijtenen, & Peckham, 1963; Every & Wiens, 1971; Greer et al., 2017) . Triploids also vary more in their environmental niche (Greer, Still, Howe, Tague, & Roberts, 2016) . Bark in both diploids and triploids is photosynthetic (Mitton & Grant, 1996) .
The drivers of ploidy level variation in quaking aspen are not completely understood. Diploids are more common in eastern and boreal populations, while triploids are more common in the southwest portion of the range (Callahan et al., 2013; Mock et al., 2012) .
Nevertheless, co-occurrence of diploids and triploids within sites at <100 m spatial scales is common (Bishop, Furniss, Mock, & Lutz, 2019; Mock, Rowe, Hooten, Dewoody, & Hipkins, 2008 ). These conclusions are based on a relatively limited set of available data, so that finer-scale spatial patterns of ploidy level variation, or their consequences, remain unknown.
High range-wide mortality of quaking aspen forests has been observed in recent decades, for example 50%-60% in some parts of southwestern Colorado (Worrall et al., 2008) . This 'sudden aspen decline' is forecast to become more severe in coming decades (Worrall et al., 2013) and was initiated by a stretch of unusually hot and dry years in the early 2000s. Mortality is thought to be caused by drought weakening trees until they are killed by hydraulic failure or pathogens (Anderegg et al., 2013) . These stressors do not equally affect all forests, for unknown reasons (Hogg, Brandt, & Kochtubajda, 2002; Huang & Anderegg, 2012; Michaelian, Hogg, Hall, & Arsenault, 2011) . Mortality occurs patchily at small spatial scales, suggesting selection on certain genotypes with potentially large consequences for genetic diversity, range dynamics and phenotypic evolution.
Triploids may be at higher risk for drought-induced mortality (Dixon & DeWald, 2015) . There is thus a need to better understand finescale spatial distribution of ploidy levels, as well as its drivers and consequences, in quaking aspen as well as in other species.
Assessing ploidy level requires intensive laboratory-based work, for example flow cytometry to separate cells with different genome sizes (Greer et al., 2017; Mock et al., 2012) , cytotype counts of chromosome number for cells imaged at metaphase (Barnes, 1969) or DNA-based counts of allele (and thus) chromosome number via either microsatellite analysis or, more recently, genotyping-by-sequencing on next-gen platforms (Gompert & Mock, 2017) . These methodological issues have limited the feasibility of empirical studies of polyploidy in a biogeographical or climate change context.
We propose that remote sensing methods can instead be used to rapidly and inexpensively measure variation in ploidy level in quaking aspen. While our application is focused on this widespread species, the fundamental concepts may be applicable to some other plant species with intraspecific ploidy level variation, for example sagebrush (Pellicer et al., 2010) , and many grasses and trees (Keeler, 1998; Wood et al., 2009) . The premise of the method is that genetic variation should lead to phenotypic variation in the functional traits of tissues such as bark and leaves . Furthermore, we assume that this observable chemical (phenotypic) variation is much more pronounced for genotypic variation due to chromosome number across ploidy levels than for allele frequency variation within ploidy levels. This chemical variation should in turn lead to variation in how these tissues absorb or reflect light of different wavelengths (Curran, 1989; Sims & Gamon, 2002) . For example, leaf chlorophyll drives absorptance in multiple portions of the visible spectrum, while leaf nitrogen content drives absorptance in certain portions of the near-infrared spectrum (Yoder & Pettigrew-Crosby, 1995) . This spectral variation can be measured easily using optical techniques.
Species classification, a similar classification problem to ploidy level discrimination, has been previously addressed using airborne spectral data Ustin, Roberts, Gamon, Asner, & Green, 2004) . Moreover, prior work has shown that leaf chemical traits (e.g. chlorophyll content) and spectral properties do differ between aspen ploidy levels (Greer et al., 2017) , and that quaking aspen genotypes can be discriminated using airborne spectral data (Madritch et al., 2014) .
Here we leverage genetic data to determine how topographical variation affects ploidy level in quaking aspen, and to quantify the spatial scales over which ploidy level varies on natural landscapes.
We then use these data to ask whether the reflectance spectra of leaf and bark tissue predict ploidy level. We address this question using both ground-based measurements where spectra are obtained from plant tissues, as well as airborne unoccupied aerial system (UAS) measurements.
| MATERIAL S AND ME THODS

| Site selection
During the summers of 2016 and 2017, we established a network of aspen forest sites spanning a wide range of elevation and F I G U R E 1 Map of sites in southwestern Colorado. Points indicate plots in which ploidy level was determined: triploid, red circles; diploid, blue triangles. Note that many plots overlap each other, for example within the Ben-1ha site, at this resolution (see Supporting Information for zoomed versions) [Colour figure can be viewed at wileyonlinelibrary.com] environmental conditions. Sites were located in southwestern Colorado, over a 37 km maximum distance, near to the towns of Almont, Crested Butte and Gothic, CO ( Figure 1 ). All sites were located within the Gunnison National Forest and were mapped using a handheld GPS unit (Trimble, GeoXT) and/or a laser rangefinder (LaserTech, TruPulse 360R). Sites were chosen to span a locally representative range of environmental conditions for aspen in the region, and spanned an elevation range of 2,730-3,630 m. Forest types ranged from mature stands (>20 m height) with dense understory vegetation to small stunted stands (<0.2 m height) in alpine scree fields. Substrates included a wide range of soil development stages and parent rock materials.
Each site comprised multiple georeferenced plots. Plots were located within a 1 km radius of the site center. A total of 220 total independent measurements of ploidy were made. For cost reasons it was not feasible to obtain an independent ploidy estimate for every stem and leaf in the study, so unique ploidy level measurements were assigned to multiple plots and multiple samples within plots (e.g. for two stems separated by c. 1 m distance within an isolated and stunted stand, or for two leaves on the same stem). Thus, the effective sample sizes for each site and type of analysis was variable and often larger than the number of ploidy measurements. We were not concerned about pseudoreplication because the analysis focused on classifier predictive ability rather than statistical significance, and because we controlled for sample size via resampling approaches (see below). Details of the sampling are given in Tables 1 and 2 . All data, including the locations of independent ploidy measurements, are available in Files S1 and S2.
| Genotypic analysis
We obtained several healthy and mature canopy leaves using slingshot and rope techniques for tall trees or hand pruners for small trees. Each leaf sample was pressed flat and dried at ambient temperature in silica desiccant for 3-5 days. After drying, samples were analysed for ploidy level. A total of 220 ploidy measurements were obtained. The difference in methodology arose as the study combined data from different co-authors' independent projects. Details are given in Tables 1 and 2. Ploidy level was determined for 210 samples (at the Ben-1ha, Jolanta-1, Jolanta-2, Jolanta-3, and Jolanta-4 sites) via microsatellite analysis following (Mock et al., 2012 . DNA was extracted from each sample using the E.Z.N.A HP plant DNA mini kit (Omega Bio-tek Inc.). We used 12 unlinked microsatellites, three developed by (Smulders, Schoot, Arens, & Vosman, 2002) (WPMS 014-016), three developed by (Tuskan et al., 2004) (ORPM 028, 059 and 206) and six sourced from http://www.ornl.gov (PMGC 433, 510, 575, 667, 2, 571 and 2, 658) . DNA amplifications were carried out in two multiplexes of six microsatellite markers in 10 µl reactions containing 2.4 µl of one of the multiplexed primer combinations (0.1-0.4 µM primer concentrations), 1 µl template DNA, 5 µl Qiagen Multiplex PCR Master Mix and 1.6 µl RNAse-free water. We used a 'touchdown' PCR protocol adapted from Cole, 2005 , with an initial denaturation at 92°C for 5 min, followed by nine cycles of 45 s at 92°C, 45 s at 59°C (dropping by 1°C each cycle to 50°C) and TA B L E 1 Total number of unique genetic samples per site
Site
Number triploid Number diploid
Ben-1ha 30 6
Burke 5 5
Jolanta-1 40 10
Jolanta-2 51 0
Jolanta-3 39 10
Jolanta-4 0 22
Type Site (Table S1 ). Note that previous genetic research across the full range of P. tremuloides showed high reliability ploidy assessment based on 6-10 microsatellite markers (97% correct classification across 296 individuals) (Mock et al., 2012) . This reliability was mainly due to the high genetic diversity (and heterozygosity levels) within and across clones in this species (Mock et al., 2012 , which were also present in our dataset (Table S2 ).
Number of genetic samples used
Number of plots
Number of trees
Number of spectra
There was also no evidence for linkage disequilibrium (r d = .008, p = .50 (999 permutations, via the poppr r package), thus indicating that sufficient sexual reproduction does occur among clones (Agapow & Burt, 2001) . For these reasons we have confidence in ploidy level inferred from microsatellite data.
Ploidy level was also measured for 10 samples using flow cytometry (at the Burke site). One square centimeter sized sections of aspen leaf were combined with equal-sized fresh standard samples of the diploid species, Hordeum vulgare (1C genome size is 5.55 pg; Bennett & Leitch, 2005) . Nuclei were suspended and stained using the CyStain PI Absolute T kit, Sysmex America, Inc. For nuclei extraction, 150 μl of extraction buffer (with 2% by volume polyvinylpyrrolidone) was added to the chopped leaf material. Then, the suspension was filtered using disposable tube top filters (CellTrics, Sysmex Partec) and 750 μl of stain (CyStain, Sysmex Partec) was added. Filtrates were analysed using a flow cytometer (Accuri C6, BD Biosciences) and excited using a 585 nm laser. Comparisons between samples of the ratios of the median peak fluorescence of each aspen sample relative to the H. vulgare peak fluorescence were used to determine the ploidy of each sample. Triploids were classified as those samples with 50% more fluorescence than the diploid standard.
| Ground-based leaf spectra
Before drying, fresh leaves from the above collection procedure were measured on their adaxial side, avoiding the main vein. Samples were maintained in moist plastic bags in a cooler or refrigerator before measurement. Measurements were obtained using a field spectrometer (ASD Inc., Handheld 2, with leaf clip and internal light source) over the 325-1,075 nm range at 1 nm intervals. The spectrometer was calibrated against a white and a black reference (ASD Inc.) before making leaf measurements. Three replicate spectra were obtained for each leaf sample.
| Ground-based bark spectra
While bark spectral measurements could be made non-destructively on stems in the field, logistical issues precluded use of our instrument outside of a laboratory. Thus, samples of c. 5 cm 2 area and 2 mm depth were cut from trees using a sterilized knife at c. 1.3 m above the ground and were used for subsequent measurement in the laboratory. Sampling locations on the stem were chosen to be homogeneous and smooth, avoiding scars, cracks, animal herbivory, and other types of bark damage. Bark samples were kept in a moist paper bag in a cooler or refrigerator prior to measurement. Measurements were obtained over the same wavelength range and with the same instrument as described above, with three spectral replicates per sample.
| Airborne canopy spectra
In July 2017, we obtained multispectral images covering a total of four sites each of c. 500 m length. Sites were overflown by an UAS (Tarot, T560 Sport) flying a raster scan pattern at c. 90-120 m above-ground level (c. 6-7 cm/pixel ground resolution or c. 
| Spatial analysis of genetic data
We determined whether quaking aspen's realized niche along topographical axes varied with ploidy level. We extracted information for the slope (degrees), cosine aspect (dimensionless) and elevation (m) at the location of each genetic sample, using the USGS National Elevation Dataset. We built linear mixed models using each topographical variable as a response variable, ploidy level as a fixed effect predictor variable and site as a random intercept predictor variable. We assessed statistical significance of ploidy level using the Satterthwaite approximation.
We also determined the characteristic spatial scale of ploidy level variation, defined as the median distance between points in quaking aspen forest before a change in ploidy level. We calculated the pairwise geographical distance and absolute ploidy level difference between all genetic samples. For each point, we then identified the minimum distance necessary for a change in ploidy level.
| Spatial analysis of spectral data
We pre-processed the ground-based leaf and bark spectra. We first removed data for 15 spectra (<1%) which included features not characteristic of living vegetation, for example absence of a chlorophyll peak in green bands. These removed spectra were assumed to represent calibration issues or light leaks in the instrument. We then used reflectance data from 400-1,075 nm, cutting off the 325-399 nm bands due to low signal-to-noise ratio. We also averaged the three replicate spectra for each sample into a single composite spectrum and further smoothed this signal with a Savitzky-Golay filter of order 1 and length 21.
We also pre-processed the UAV-based canopy spectra. Images were aggregated to 0.5 m resolution to reduce contrast from smallscale features like shrubs and rocks. Images were then thresholded to include only canopy pixels, by both calculating normalized difference vegetation index (NDVI) and then retaining pixels with NDVI values above a threshold value (0.8), and also retaining pixels with mean reflectance above a lower threshold value (0.05-0.13, dependent on image). Thresholds were manually chosen to best mask unshaded canopy pixels. Spectral information was then extracted from a set of pixel values within a 4 m radius of the focal trees in the masked image. Reflectance values at these pixels were treated as replicates for each plot.
We also spatially interpolated ploidy level data to be able to assign values to samples collected adjacent to the ploidy level measurements. Ploidy measurements were assigned to multiple plots via interpolation over small distances. Interpolation was carried out using a k-nearest-neighbour interpolation with k = 1 (i.e.
where an unknown sample is assigned the same ploidy level as the nearest sample with known ploidy level). Additionally, one or more spectral samples were obtained from each plot, either via ground-based methods (e.g. measurements of multiple leaves on a single stem) or via airborne methods when, for example, multiple adjacent pixels were located around a single location. In the case of spatial interpolation of ploidy, or treatment of adjacent pixels as replicates, we were guided by prior work demonstrating strong spatial homogeneity of clonal identity (and thus also of ploidy level) across landscapes at <50 m spatial scales , as well as our visual observations of consistent phenotypes at these spatial scales. We never interpolated any data beyond 50 m distance.
We summarized spectral variation using metric multidimensional scaling (Gauch, 1982) . Distances between spectra were calculated using a Bray-Curtis metric, and then projected into k = 2 dimensions for visualization.
We built random forest models to predict ploidy level based on reflectance spectra predictors for each of the hyperspectral groundbased leaf and ground-based bark, and the multispectral airborne canopy datasets. Random forests are an ensemble learning method for classification that assemble a large set of decision trees based on random subsets of training data, and then make predictions based on votes from the set of decision trees (Breiman, 2001) . Random forests were used because they often give good performance on multispectral imagery (Adam, Mutanga, Odindi, & Abdel-Rahman, 2014) .
The number of bootstrap samples and variables sampled were chosen according to software defaults.
As our datasets were unbalanced, there was a risk that models would be better trained to classify triploids than diploids. We therefore built an ensemble of 10 random forest models, each constructed after resampling triploid data to the same number of observations as the number of diploids in each analysis.
To better compare hyperspectral and multispectral data, we also repeated the above analyses for hyperspectral data after reducing its dimensionality to the first five components via principal components analysis (after scaling and centering data).
To assess the model performance, we report three types of statistics. First, we report overall model performance using the F 1 score (Sammut & Webb, 2010) , which is the harmonic mean of pre- Second, we report Cohen's kappa (McHugh, 2012) , which is the improvement in the model relative to the null expectation of random guessing (In a two-class problem with balanced sampling, 50% of classifications will be correct by chance). Values of kappa above zero (and closer to 1) indicate better performance than random.
Third, we report the classification error rate for each of diploids and triploids as the predictive accuracy in out-of-bag predictions, that is on randomly selected data not used in fitting of each tree. This type of model evaluation is similar to a cross-validation and enables unbiased estimate of the testing set error. In practice c.
one-third of the data is left out of bootstrap samples on each iteration of the model. Error rates closer to zero indicate better performance. These statistics were all summarized across 10 random forest model replicates in order to capture any variation driven by the resampling process.
To determine whether results were driven by site-level rather than ploidy level differences, we also repeated the above analyses via a spatially explicit cross-validation exercise. Models were trained using data for a single site and then tested on data for another single site. This process was repeated for every pairwise combination of sites, and carried out for an ensemble of 10 models, each using a balanced data resample. Model performance was summarized as test classification error rates for diploids and triploids.
We also used the original ensemble models to make spatially explicit predictions of ploidy level using the canopy multispectral imagery. We first took each multispectral image and masked out nonaspen pixels, by training an additional random forest model on handselected 1 m 2 regions (30 aspen canopy regions, 30 non-aspen canopy regions). Regions were selected to have high spectral diversity. This process yielded good results by visual inspection. We then used spectral values at each non-masked pixel as inputs to the ensemble of 10 random forest models previously trained on data from all sites. Each model made a prediction of ploidy level; the final predicted value at each pixel was chosen as the majority-vote across the ensemble.
All statistical, image, and GIS analyses were conducted in r (3.5.1). Image data were processed using the raster (2.6-7) and sp (1.3-1) packages. Spectra were processed using the rstoolbox (0.2.1) and signal (0.7-6) packages. Interpolation of ploidy was carried out using the fnn (1.1) package. Ordination was carried out using the vegan (2.5-3) package. Random forest models were implemented using Breiman's algorithm in the randomforest (4.6-14) package, choosing default parameters. Mixed models were built with the lme4
(1.1-19) and lmertest (3.1-0) packages. Classification statistics were calculated using the caret (6.0-80) package.
| RE SULTS
Genetic analysis indicated that the majority of samples were for triploid (n = 165) rather than diploid (n = 55) individuals ( Table 1) . Details of numbers of trees and spectra measured within each plot and site are given in Table 2 .
Topography had a strong influence on the distribution of ploidy levels (Figure 2 ). There was a significant effect of ploidy level on elevation (p < 10 −12 , mean shift = 72 m) as well as on slope (p < .01, mean shift = 2.8°), with diploids occurring at higher and steeper locations.
Diploids also occurred at more south-facing aspects (p < .001), though the bimodal distribution of values makes the statistical inference uncertain.
Diploids and triploids co-occurred at most, but not all sites ( Figure 5d ). In particular, diploids appeared to have higher reflectance in the visible (green) portion of the spectrum. For canopy spectra, overlap between ploidy levels was also low (Figure 5e ), with diploids again having shifted and more unique spectra (Figure 5f ). Variation among ploidy levels was most apparent in the green and near-infrared spectral bands.
These qualitative results were paralleled by the random forest classifier models. The models using the bark dataset had F 1 scores of 0.53 ± 0.07 (M ± SD) and Cohen's kappa scores of 0.12 ± 0.14.
Consistent with these low values, predictive error rates were high:
0.38 ± 0.09 for diploids and 0.50 ± 0.07 for triploids (Figure 6a,b) . After reducing dimensionality with principal components analysis, F 1 scores increased slightly to 0.64 ± 0.07, and Cohen's kappa increased threefold to 0.30 ± 0.13. In contrast, the models using the leaf dataset had better performance: F 1 scores of 0.79 ± 0.01 and Cohen's kappa scores of 0.57 ± 0.02 (Figure 6c,d) . After reducing dimensionality with PCA before analysis, F 1 scores were similar at 0.79 ± 0.01, and Cohen's kappa was also similar at 0.58 ± 0.02. Predictive error rates were lower: 0.24 ± 0.01 for diploids and 0.19 ± 0.02 for triploids. The models using the canopy dataset had the strongest performance: F 1 score of 0.96 ± 0.01 and Cohen's kappa score of 0.93 ± 0.01. Predictive error rates were low: 0.02 ± 0.01 for diploids and 0.05 ± 0.01 for triploids ( Figure 6e,f) .
The spatially explicit cross-validation showed that many of these results were qualitatively similar when restricted to training data from one site and test data from another site. In general, models performed best when trained and tested at the same site ( Figure S5) , and with lower error rates for triploids than diploids ( Figure S6 ). However, interpretation of these results should be limited, as carrying out the analyses Some small isolated diploid pixels were also predicted in all images, which we interpret as misclassification based on incomplete masking of shadow or ground pixels. Because these predictions are by construction meant to extrapolate beyond ground-truth data, they could not be explicitly validated. However, the high spatial coherence of predictions was biologically plausible and also not methodologically guaranteed, as random forest algorithms yield pixel-level classifications.
| D ISCUSS I ON
Our results clarify the spatial correlates of ploidy level in quaking aspen, and suggest several climate change implications. We found that diploids are more likely to be found at higher elevation sites with steeper slopes (Figure 2 ). This result builds on prior work at continental spatial scales, which indicated that triploids are more common on drought-stressed sites (Mock et al., 2012) , though we found more diploids on steeper slopes, which are also presumably more waterstressed. Previous work has also shown that quaking aspen mortality occurs in lower elevation sites, south aspects, and on flatter slopes (Worrall et al., 2008) . Paired with other prior observations that mortality is higher for triploids than diploids (Dixon & DeWald, 2015) , our results suggest that ploidy level could provide a key mechanistic link between landscape topography and population performance under changing climates, and that pairing remote sensing of ploidy level with maps of drought stress or topography could yield stronger predictions of mortality risk. Based on our ploidy-distance results (Figure 3) , such landscape patterning would be predicted to occur at subkilometer spatial scales, yielding patchy mortality -also consistent with existing airborne surveys of sudden aspen decline (Worrall remote sensing analyses of mortality (Huang & Anderegg, 2012) could be complemented by large-scale maps of pre-mortality ploidy levels. In both cases, ploidy level might explain mortality patterns that were previously unexplained or have interactive effects with other variables, for example slope or elevation.
We found that both leaf and canopy spectra can be used to make accurate inferences of ploidy level (Figures 4-6 ). The spectral variation we observed suggests concomitant variation in pigment concentration (e.g. chlorophyll content in the visible portion of the spectrum), as well as variation in water/dry matter content (in the near-infrared portion of the spectrum). A prior study of trait variation in diploid and triploid aspen leaves matches this perspective (Greer et al., 2017) .
Both the canopy data and leaf data were able to classify triploids with low error rates, and with values of F 1 and Cohen's kappa sufficiently high to indicate good predictive ability. The similar results between the hyperspectral and PCA-reduced hyperspectral leaf data indicated that overfitting of features was unlikely to compromise predictive ability, and that a small number of spectral features is sufficient to achieve the classification. This result is promising and suggests that it may become possible to map ploidy level using rapid non-destructive measurements from the ground or from the air. Our approach required only a multispectral sensor, which is far less expensive than the hyperspectral sensors that have been used previously for species discrimination work, or that are analogs for the ground-based spectral data. Further improvements in machine learning methodology are likely to produce more robust and management-ready tools. For example, convolutional neural networks (Brodrick, Davies, & Asner, 2019 ) may be able to leverage the strong spatial structure in ploidy level (as we identified via our minimum distance analysis) to make cleaner predictions of ploidy level boundaries.
There were some general limitations to using spectral reflectance that will be relevant to future applications. First, classifying diploids was more difficult than triploids. Diploids appeared visually to occupy a smaller and shifted portion of the multidimensional spectral 'space' occupied by triploids. There are several reasons why triploids are likely to have more spectral diversity than diploids. Tripoids may have higher potential for phenotypic plasticity (Levin, 1983; Parisod et al., 2010) . The observation that triploids have a wider range of possible spectral properties than diploids is also consistent with prior evidence that polyploidy leads to increased trait variation in quaking aspen (Einspahr et al., 1963; Greer et al., 2017) .
Classification based on leaf spectra was much more successful than classification based on bark spectra. Bark-based error rates were often close to 50%, with F 1 values close to zero -that is no better than random guessing. Performance was increased by reducing the dimensionality of the spectral data with PCA before analysis, suggesting that much of the bark spectral variation was not useful for classification. However, even after dimensionality reduction, classification performance was too low to be useful. Our bark dataset included only a small number of diploids (n = 10), so it is possible that better performance could be achieved with a more comprehensive training dataset. However, bark properties may also vary widely across stems (Barnes, 1975; Einspahr et al., 1963) , obscuring ploidyrelated signals. Future applications for ploidy level classification are likely to rely on airborne canopy data rather than ground-based leaf or bark spectral data. These limitations are therefore unlikely to be important in practice.
High performance with the airborne spectra is surprising, especially because the canopy data cover only a small subset of the wavelengths quantified by the ground-based data, and also potentially include shading effects from the canopy structure and/or mixing with other non-canopy vegetation features. The first possible explanation is that the spectral variation in triploids is captured by a small number of spectral axes, such that the additional spectral coverage provides only redundant information. This perspective is supported by the similar performance of leaf spectral data before and after dimensionality reduction. A second possible explanation is that there were more biases in the ground-based data than in the canopybased data. While the canopy data are limited by shadows, ground pixels and other issues, the canopy data effectively include orders of magnitude more leaves than the ground-based data, and also were obtained for the entire dataset within the span of a week, consistent with all leaves being at a similar phenological stage. Moreover, this canopy structure could potentially be diagnostic of ploidy, for example through variation in canopy openness. In contrast, the groundbased spectra were obtained over two growing seasons for a smaller number of leaves, and mixed both sunlit and shaded leaves. Variation in leaf spectra with leaf age and epiphyll cover has been documented in tropical forests (Chavana-Bryant et al., 2017) as well as with canopy position (Gausman, 1984) , and with water stress (Hunt & Rock, 1989 ). While we focused on healthy mature leaves collected during non-droughted conditions, the ground-based spectra may have included more undesired and unavoidable variation, or could have conflated ploidy level-dependent water stress with ploidy level itself. Another explanation, which we view as also likely, is that the low number of diploids available in the canopy data resulted in some model overfitting. In the absence of further genetic data, it is not possible to test this hypothesis. As such we suggest that our statistical models need further test data before they can be robustly applied at landscape scales.
More strongly, our analyses were not able to determine the mechanistic basis of ploidy level classification. Spectral variation can occur for a range of reasons, some of which may be directly caused by ploidy level variation, and others indirectly (i.e. through interactive effects of environment). In particular, assessing how intra-and inter-annual variation in canopy reflectance influences predictions of ploidy level should be a priority. For example, climate-driven effects on canopy water content between years (Aguilar, Zinnert, Polo, & Young, 2012) or phenological effects within years (Blackburn & Milton, 1995) could obscure or enhance ploidy level signals. While it is likely that spectral variation is linked to ecophysiological (especially hydraulic) traits of these canopies, we did not have data to directly make such linkages. It would be useful to directly measure such functioning, or compare the remotely sensed ploidy level data to other remotely sensed data products, for example microwave data for canopy water content (Konings, Rao, & Steele-Dunne, 2019) , or solar-induced fluorescence data for photosynthetic capacity and stress (Magney et al., 2019; Meroni et al., 2009) . Such data, if also intra-or inter-annually resolved, could help clarify the direct effects of ploidy level.
Obtaining spectral data for longer wavelengths could further improve classification error rates and potentially better discriminate diploids. Our measurement approaches only extended into the near-infrared portions of the electromagnetic spectrum. Features between 1,100 and 2,500 nm, in the short-wave infrared portion of the spectrum, are known to indicate variation in water content and a range of compounds produced in leaves, and have been necessary for accurately discriminating species and traits in other study systems, as well as for assessing leaf and canopy water content variation based on liquid water absorption features around 1,200 and 1,400 nm (Asner, 1998; Asner et al., 2017; Yoder & Pettigrew-Crosby, 1995) . Additionally, variation in canopy structure (e.g. wider tree spacing in mature triploid forests) could also lead to variation in texture and shadowing that would be visible in near-infrared multispectral imagery. Collecting data at a wider range of wavelengths should be a future research priority.
We did not detect any variation in bark coloration linked to ploidy. Bark greenness is known to vary extensively among individuals in this species, sometimes along elevational gradients (Barnes, 1969; Cottam, 1954; Covington, 1975; Mitton & Grant, 1996) . Aspen bark is photosynthetic and thus colour variation may correlate with chlorophyll content (Foote & Schaedle, 1976; Pearson & Lawrence, 1958) . While the hypothesis that bark spectral properties are linked to ploidy is reasonable, this was not supported by our data. Our bark dataset contained only a very limited set of diploids, so the generalizability of results arising from it is probably low. There may also have been unwanted variation in the data from pooling bark samples from different stem aspects (Pearson & Lawrence, 1958) , though the magnitude of these effects is probably small. Regardless, the bark is likely more time-intensive and thus less useful than the leaves or canopies for mapping ploidy at large scales, so we did not pursue this question further.
It is also possible that our results would differ outside Colorado.
Previous studies have reported large phenotypic variation between southwestern and boreal populations of this species (Barnes, 1969; Mitton & Grant, 1996) , and also between populations growing on marginal talus habitat relative to those on more developed soils (Mueggler, 1985) . Because we observed spectral variation in natural populations, we do not know whether the spectral phenotype is more determined by genotype, environment or genotype × environment interactions. The environment case is potentially problematic, as spatial environmental variation could lead to apparent but false effects on ploidy level. We suggest that this scenario is unlikely, as the multispectral imagery (as well as field observations) revealed clear homogeneity of spectral properties of forest patches across 20-100 m spatial scales consistent with boundaries between clones, as well as prior studies demonstrating strong control of aspen leaf traits by genotype (Blonder, Violle, & Enquist, 2013; Kanaga, Ryel, Mock, & Pfrender, 2008) and by ploidy level (Flansburg, 2018; Greer et al., 2017) . Regardless, if high model predictive accuracy could be achieved over larger spatial extents, then determining underlying mechanisms is not relevant.
There is also a possibility that diploids and triploids were incorrectly inferred from microsatellite analyses due to low genetic diversity. This is unlikely for several reasons. First, allelic richness was high in our data. Second, the majority of clones observed in our dataset were triploid (69.6%), a pattern that would not be expected in the presence of low genetic diversity and presumable under-identification of triploids due to high homozygosity. Furthermore, we are confident that triploid assignments were reliable and not due to potential duplicated loci or scoring errors, as triploid clones were identified based, on average, 28.3% markers with three alleles (ranging from 1 to 4 markers).
Our results provide a proof-of-concept analysis that suggests a range of potential applications if predictive ability for ploidy level could be further improved. Using airborne remote sensing, it may soon become possible to map the geographical distribution of ploidy levels at fine spatial grain and large spatial extent (or unmix diploid and triploid prevalence at larger spatial grain). Such work would be fundamental for assessments of the effect of polyploidy on mortality and would assist with clone delineation, as well as physiological studies of drought and heat-related mortality. Furthermore, this approach could contribute to current management and conservation efforts in this ecologically important species.
Many other ecologically important species also show intraspecific ploidy level variation that is associated with ecophysiological variation, and that (based on molecular/cytotyping studies) is associated with strong spatial patterning at landscape scales. For example, many widespread grass species vary in their ploidy level (Keeler, 1998) .
Examples include Agrostis stolonifera (bentgrass) (Björkman, 1984; Kik, Linders, & Bijlsma, 1993) , Bouteloua gracilis (blue grama) (Fults, 1942) , Deschampsia caespitosa (tussock grass) (Rothera & Davy, 1986) and Panicum virgatum (switchgrass) (McMillan & Weiler, 1959; Nielsen, 1944 ). Among shrubs, intraspecific variation in polyploidy also occurs, for example in Artemisia tridentata (big sagebrush) (Pellicer et al., 2010; Richardson, Page, Bajgain, Sanderson, & Udall, 2012) , Atriplex confertifolia (salt bush) (Sanderson, 2011) and Larrea tridentata (creosote bush) (Laport, Minckley, & Ramsey, 2012) . Among ecologically dominant trees, similar variation also occurs, for example in Betula papyrifera (paper birch) (Grant & Thompson, 1975) , Ginkgo biloba (Šmarda et al., 2016) , Inga spp. (Figueiredo et al., 2014) , Olea europaea (olive) (Besnard et al., 2007) , Polylepis spp. (Schmidt-Lebuhn et al., 2010) and Ulmus americana (American elm) (Whittemore & Olsen, 2011) .
We imagine such variation is common in many species than those for which data are presently available. Remote sensing methods like the ones proposed here for quaking aspen may also be relevant to delineation of the genetic structure of populations of other species. 
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